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Magnetic field dependent polarization selective photoluminescence(PL) study has been carried
out at 1.5 K on Gd-doped GaN epitaxial layers grown on c-SiC substrates by molecular beam
epitaxy technique. It has been found that the incorporation of Gd in GaN leads to the generation
of three types of donor like defects that result in neutral donor bound excitonic features in low
temperature PL. The study reveals that the rate of spin-flip scattering for all the three excitonic
features becomes almost B-independent suggesting that these signals must be stemming from defects
which are ferromagnetically coupled with each other. This is further confirmed by the study carried
out on a GaN sample co-doped with Si and Gd, where defects are found to be ferromagnetically
coupled, while Si-donors do not show any involvement in coupling.
Gadolinium (Gd)-doped GaN (GaN:Gd) remains to
be one of the active areas in physics for exhibiting cer-
tain intriguing magnetic properties. Ferromagnetism far
above room temperature even with doping concentra-
tion as low as ≈ 1015 cm−3 as well as several orders
of magnitude larger effective magnetic moment per Gd
ion as compared to that of a bare Gd3+ ion (8 µB)
have been observed in GaN:Gd epitaxial layers1,2. El-
ement specific magnetic studies on these layers show a
very small polarization for Ga and paramagnetism for
Gd ions, indicating that the magnetism does not solely
arise from Gd itself3. Since then, a large volume of work
in this field has revealed ferromagnetic like behavior not
only in GaN:Gd4–6 but also in other rare-earth doped
GaN7,8. Similar magnetic behavior has also been re-
ported in Gd9,10 and Dy11-implanted GaN layers. Ef-
fective magnetic moment per Gd ion, which is reported
to be larger in Gd implanted GaN layers,9 shows a reduc-
tion upon annealing10, suggesting a defect origin of the
magnetism. Formation of multiple type of defects due
to Gd incorporation have been demonstrated in molecu-
lar beam epitaxy (MBE) grown GaN:Gd layers5,12,13. In
these samples, Mishra et al. have also found a connec-
tion between the magnetism and the density of certain
defects that results in a low temperature photolumines-
cence(PL) peak at ≈ 3.05 eV13,14. However, the micro-
scopic origin of the defects and their involvement in es-
tablishing long range magnetic ordering is still unclear.
Theoretical studies have shown that certain defects,
such as Ga-vacancies(VGa),
15–18 N-interstitials(Ni)
19, O-
interstitials(Oi)
19 as well as nitrogen vacancy(VN )-Ga va-
cancy complexes20,21, which possess magnetic moment,
can account for the large effective magnetic moment per
Gd ion and explain ferromagnetism in this material. It
is noteworthy that ferromagnetism above room temper-
ature has been observed in semiconductors such as HfO,
ZnO, TiO2, In2O3, where atoms with partially filled d
or f shells are not present at all22. Though, crystalline
defects are predicted to be the reason for ferromagnetism
in these semiconductors, there is no experimental report,
which directly evidences coupling between defects.
Here, we have carried out a magnetic field dependent
TABLE I. Layer thickness t, concentration [measured by sec-
ondary ion mass spectrometry(SIMS)] of Gd (NGd), Si (NSi),
saturation magnetizations MS recorded at 2 K and 300 K for
the samples. D* represents sample D after annealing.
Sample t NGd NSi MS (2 K) MS (300 K)
(nm) (cm−3) (cm−3) (emu/cm3) (emu/cm3)
C 700 6×1016 0 0.52 0.41
D 700 2.45×1017 0 0.8 0.54
D* 700 2.45×1017 0 - 0.22
E 200 1×1018 2×1019 4 2.5
polarization selective photoluminescence(PL) study at
1.5 K on several Gd-doped GaN epitaxial layers grown
on c-6H SiC substrates by MBE. The study reveals that
the incorporation of Gd in GaN leads to the generation
of three types of donor like defects, all of which give rise
to neutral donor bound excitonic transitions in low tem-
perature PL. It has been shown that the dependence of
spin-flip scattering rate on the magnetic field (B) for a
given excitonic transition carries the information about
the magnetic coupling of the associated defects. Spin-
flip scattering rates for all the three excitonic features
are found to be almost B-independent for samples with
Gd concentration more than≈ 1017 cm−3 suggesting that
these signals must be stemming from the defects which
are ferromagnetically coupled with each other.
GaN layers with different Gd concentrations were
grown directly on 6H-SiC(0001) substrates using reac-
tive molecular-beam epitaxy (RMBE) technique. A Gd-
undoped GaN layer was also grown as the reference stan-
dard (sample R). One of the samples (sample E) was
co-doped with both Gd and Si. More details about the
growth can be found elsewhere1,2. Magnetization mea-
surements show ferromagnetic like behavior even above
300 K in all of the Gd-doped samples. One of the Gd
doped sample (sample D) was rapid thermally annealed
at 600oC for 30 s in flowing N2 gas. See Tab. I to know
more about these samples. A commercial grade hydride
vapor phase epitaxy (HVPE) grown Si doped (NSi ≈
1×1018 cm−3) c-plane GaN(3 µm)/sapphire sample from
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2FIG. 1. (a) Schematic depiction of the polarization se-
lective magneto-photoluminescence (PL) spectroscopy setup.
(b) Zeeman splitting of the conduction(valence) band mini-
mum(maximum). Allowed optical transitions along with their
polarization directions are also shown.
TDI Inc. of USA, was used as another reference standard
(Sample RS). Magneto-photoluminescence(PL) studies
were carried out at 1.5 K in a liquid helium cryostat
equipped with a split coil superconducting magnet and
optical windows. Experimental setup is shown schemat-
ically in Fig. 1(a). A linearly polarized He-Cd laser (325
nm) was used as the excitation source. Magnetic field was
applied perpendicular to the sample surface (c-direction).
Luminescence was collected along the magnetic field di-
rection [Faraday geometry] through a 0.5 m focal length
monochromator attached with a photomultiplier tube
(PMT). Combination of an achromatic λ/4-plate and a
Glan-Taylor calcite analyser was used to select either the
σ+ or σ− polarization of the luminescence. Polarization
of photoluminescence P = (I+ − I−)/(I+ + I−), where
I+ and I− are the intensities associated with σ+ and σ−
polarized lights, respectively, was measured as a function
of the applied magnetic field at the peak positions of the
defect related PL features.
As shown in Figure 2(a), 1.5 K PL spectra for both the
reference samples R and RS is dominated by the neutral
donor bound excitonic peak (DoX) appearing at 3.457
and 3.48 eV, respectively. The high and low energy peaks
can be attributed toDoX associated with Si and uninten-
tionally incorporated oxygen shallow donors1,2. PL spec-
tra for Gd doped GaN samples C, D and E are featured
by three relatively broad peaks appearing in the range of
3.05-3.1 eV (X1), 3.15-3.2 eV (X2) and 3.25-3.3 eV (X3).
Bare SiC substrate does not show any feature in the pho-
ton energy range. Note that X1, X2 and X3 features,
which are found to be present in all GaN:Gd samples,
are attributed to certain defects produced in the GaN
lattice as a result of Gd incorporation13. A close exami-
nation reveals that the broadening associated with these
transitions increases while their peaks shift to higher en-
ergies as the concentration of Gd (NGd) increases. This
implies an enhancement in the density of the three defect
types with the Gd concentration.
As shown in Figure 2(b), the degree of polarization
is negative not only for the DoX transitions [see Fig-
ure 2(c)] but also for all the X-features. This has indeed
been found for all Gd doped samples investigated here.
FIG. 2. (a) PL spectra recorded at 1.5 K for samples with
different Gd concentrations. Inset compares the PL spectra
normalized with respect to the band edge transition for Gd-
doped/undoped GaN samples and a piece of bare SiC sub-
strate. PL spectra recorded at 1.5 K in σ+ and σ− polar-
ized states under a magnetic field of 7 T for (b) X1, X2,
X3 peaks in sample D and (c) D
oX peaks in sample E. Red
curves in panel (b) and (c) represent the magnitude of P =
(I+ − I−)/(I+ + I−) as a function of the photon energy.
Note that the magnitude of PL polarization |P | for X1
peak is much weaker than those for X2 and X3 peaks[see
Figure 2(b)].
Fig. 3 compares the time dependent PL intensities
recorded at X-features for sample E and at DoX peak for
sample RS under zero and 7 T magnetic fields as the po-
larization selection is switched between σ+ and σ− states
at two time points. For all cases, the change in intensity
due to the switching is evident only at non-zero fields.
Since the g-factor for the conduction band ge(= 1.95)
23
is comparable to that of ’A’-valence band holes gh(=
2.25)24 in GaN, the Zeeman splitting under a magnetic
field along the c-axis is expected to be almost the same
for the two bands. Note that a neutral donor bound
exciton (NDBX) is composed of two electrons occupying
|+1/2 > and |−1/2 > conduction band like J-states and
a hole occupying either |+3/2 > or |−3/2 > ’A’-band like
J-states. Photons collected along c-direction can either
have σ+ or σ− polarizations as shown in Fig. 1(b). In
this geometry, the intensity of PL for a NDBX transition
with σ− polarization should be more as compared to that
of σ+ as | + 3/2 > is energetically lower than | − 3/2 >
state for the holes. P is thus negative for a NDBX tran-
sition. Observation of negative P for all the X-features
implies that these features are NDBX in nature as well.
At the steady state condition, as shown in the sup-
plementary material25, the polarization Pi associated
with i-th type of NDBX can be obtained as26 Pi =
−(1−e−∆Ehi (B)/kBT )/(γi/βi+1+e−∆Ehi (B)/kBT ), where
γi and βi the rate of recombination and spin flip events,
respectively, while ∆Ehi the energy splitting of the two
hole spin states associated with i-th type of NDBX.
It can be shown that in this material, the term
e−∆Ehi (B)/kBT , in the expression of Pi, tends to zero at
3FIG. 3. (a) PL intensities recorded at X1, X2, X3 peaks for
sample D and at DoX peak for sample RS at 0 and 7 T mag-
netic field as a function of time as the polarization selection
is abruptly switched between σ+ or σ− states at two time
points.
1.5 K, for B > 1 T. Polarization Pi can thus be written
as Pi = −1/(γi/βi + 1) for B > 1 T, meaning the ratio
γi/βi = 1/|P | -1 can be obtained for Si-DoX, and all
the X-features, separately. Note that βi is expected to
depend upon the magnetic field27. However, γi should
be B-independent. If the i-th type of X-defects are fer-
romagnetically coupled, Zeeman splitting of the valence
band like state of the exciton can be given by ∆Ehi(B)
= ghiµBB + αiM(B), where M(B) is the magnetization
and αi is the magnetic coupling coefficient. This means
that each of the defects experiences an overall magnetic
field of BT = B + BE . Saturation of magnetization Ms
leads to the saturation of the molecular field at BEs =
wiMs, where wi the coupling constant for the defects. If
Xi-feature is stemming from a region of ferromagnetically
coupled i-th defects, where BEs prevails over B, βi is ex-
pected to show much weaker B-dependence beyond the
saturation field. Therefore, the ratio γi/βi as a function
of B can carry the information about the involvement of
individual defect types in ferromagnetic coupling.
In Fig. 4, ln(1/|P |−1) is plotted as a function of B for
X1 [Panel (a)], X2 [Panel (b)], X3 [Panel (c)] and D
oX
[Panel (d)] excitonic peaks in these samples. Evidently, in
all cases, the data show a linear variation at high fields,
which suggests that βi ∝ Bνi for all these NDBX. It
is interesting to note that for all the X-features, the
slope substantially decreases in samples with NGd >
1017 cm−3. Moreover, in sample D, the slope is increased
for all the X-features upon annealing. Note that the sat-
FIG. 4. Plots of ln(1/|P | − 1) vs ln(B) for (a) X1, (b) X2,
(c) X3 and (d) D
oX peaks of the samples with different Gd
concentrations (NGd). D* represents the sample D after an-
nealing
uration magnetization of the sample decreases by about
50% after annealing (see Tab. I)13. On the other hand,
the slope for the DoX exciton in the Si doped reference
sample RS is very much the same as that of the sam-
ple E, which is co-doped with both Si and Gd. These
results thus suggest that the defects associated with X-
features in Gd doped GaN samples must be experiencing
an overwhelmingly large BEs field, meaning these defects
are ferromagnetically coupled. Interestingly, for the co-
doped sample, DoX excitons associated with Si shallow
donors do not experience any BEs field, which suggests
that they are not involved in the ferromagnetic coupling.
Role of the internal field in governing the slope of these
plots becomes more explicit from the fact that upon an-
nealing, Ms (and hence BEs) decreases and at the same
time the slope increases in sample D.
Note that these defects are likely to be generated sur-
rounding each Gd ion, whereas Si shallow donors are
randomly distributed over the entire lattice as shown
schematically in Fig. 5(a). Close proximity of the de-
fects in the regions surrounding the Gd sites leads to
defect-defect ferromagnetic coupling13. This results in
the formation of ferromagnetic domains surrounding ev-
ery Gd site. Beyond a percolation threshold, a long range
ferromagnetic order sets in. In this framework, the satu-
ration magnetization can be expressed as Ms = pGdNGd
+ poNo[1-exp(-vNGd)], where pGd and po are the bare
magnetic moments per Gd ion and defect, respectively,
No the defect density within the cluster and v=4/3pir
3
c
the volume of each cluster. In one of our earlier works,
we have estimated poNo = 4.68 × 1019 µBcm−3 and rc =
22 nm by fitting the experimental data from Ref.1 with
the above expression13. If an average magnetic moment
≈3 µB(predicted for N-interstitials19) is attributed per
4FIG. 5. Schematic representation of (a) the distribution of
Si shallow donors and the defects associated with X1(defect
DX1), X2 (defect DX2) and X3 (defect DX3) excitons, (b) the
distribution of DoX, X1, X2 and X3 excitons.
defect site, No comes out to be 1.56 × 1019 cm−3. It
is noteworthy that a same order of magnitude of defect
density has been estimated by Roever et al. in their
MBE grown Gd:GaN samples28. However, the actual
distribution of No(r) may not be uniform inside the de-
fect sphere. Rather a reduction of No(r) from the center
to the surface is more realistic a scenario. Note that
in the co-doped sample (sample E), NSi is comparable
with No. If radial variation of No is taken into account,
one can find a defect dominated zone (DDZ) around ev-
ery Gd site, where No > NSi as shown schematically in
the figure. X-excitons are thus expected to be mostly
present in DDZs, whereas Si-DoX signal is arising from
the regions outside these zones as depicted in Fig. 5(b).
Because of their non-involvement in ferromagnetic cou-
pling, Si-donors do not experience any strong molecular
field, even though they are located in the regions where
the back ground X-defects are ferromagnetically coupled.
This can explain why ln(1/|P | − 1) shows almost a B in-
dependent behavior for all the X-features for this sample
, while it decreases faster with increasing B for the Si-
DoX feature [see Fig. 4]. It should be mentioned that
even though the saturation magnetizations are compara-
ble for sample D and C, variation of ln(1/|P |−1) with B
is much faster in sample C than in sample D. The reason
might be the strength of the molecular field wMs, where
w could depend upon the overlap of the defect clusters.
Since in sample D, NGd is more than that in sample C,
the overlap and hence wMs is expected to be higher. We
believe that wMs prevails over B in sample D, while in
sample C, the field B >> wMs.
Observation of Fig. 4 suggests that the defects asso-
ciated with all the X-features have neutral donor like
states. Among all the defects, which are theoretically
predicted to have magnetic moment, Oi, VGa and VN -
VGa complexes do not contribute any donor like state at
a position matching with those of X1, X2 and X3
29,30,
meaning that the DX1 , DX2 and DX3 defects are un-
likely to be either of the three. In fact, Roever et al. us-
ing positron annihilation spectroscopy have shown that
there is no direct correlation between Ga-vacancy and
ferromagnetism observed in this material28. Nitrogen
split interstitials, whose formation energy is one of the
lowest among all point defects and their complexes, can
have a 0/-1 state at about 0.48 eV below the conduc-
tion band minimum29. This position matches quite well
with that of X1 feature. Moreover, each Ni is expected
to contribute 3 µB of magnetic moment
19. Our finding,
therefore, indicates that DX1 defects are N-interstitials.
Positions of X2 and X3 do not match with those of any
known point defect contributing neutral donor like states.
It is noteworthy that upon annealing, PL intensity of X1-
feature reduces quite significantly as compared to those of
X2 and X3
13,14 implying that DX2 and DX3 defects have
better thermal stability than DX1 defects. It is plausible
that DX2 and DX3 defects are also Nis that make com-
plexes with certain other point defects/impurities, which
has better thermal stability than isolated Ni.
In conclusion, incorporation of Gd in GaN produce
three types of donor like defects, which result in three
neutral donor bound excitonic (NBDX) features appear-
ing at about 3.05, 3.15 and 3.25 eV in the low tempera-
ture PL spectra. It has been shown that the dependence
of spin-flip scattering rate on the magnetic field (B) for
these NDBX features carry the information about the
involvement of the associated defects in magnetic cou-
pling. Our study shows that all the three signals must
be stemming from those defects, which are ferromagnet-
ically coupled with each other.
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